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OBSERVATIONS ON THE SAN FERNANDO DAMS 
Michael H. Beaty Peter M. Byrne 
University of British Columbia University of British Columbia 
Vancouver, BC-Canada-V6T 124 Vancouver, BC-Canada-V6T 124 
ABSTRACT 
A review of the Upper and Lower San Fernando dams during the 1971 San Fernando earthquake is presented in light of current 
understanding of post-liquefaction behaviour. The concepts of liquefaction, limited liquefaction, cyclic mobility, partial drainage, 
water filming, and mixing are discussed in relation to these dams. Blowcount data is reviewed and the critical zones of hydraulic fill 
within each dam are found to have comparable values of NIlj+ Limit equilibrium and finite difference stressidefonnation analyses 
support a minimum post-earthquake strength for the dams of approximately 14 to 24 kPa (300 to 500 psf). The importance of 
partially-drained behaviour to post-liquefaction response is stressed. 
INTRODUCTION 
The 197 1 San Fernando earthquake was a severe test for the 
San Fernando dams. While the upper dam experienced 
significant lateral displacements of up to 2 metres, the lower 
dam was brought to the brink of catastrophic failure by a flow 
slide of the upstream slope. Despite significant efforts of 
investigation and analysis over the past 30 years, this 
remarkable case history still poses difficult questions: 
1. Why did two dams of similar construction and 
material composition, excited by essentially the same 
earthquake motion, respond in a very dissimilar 
fashion? 
2. Why did the upstream shell of the lower dam fail 20 
to 30 seconds after the earthquake? 
3. What can the performance of these dams tell us about 
values of residual strength estimated from back- 
analysis? 
BACKGROUND 
The Lower and Upper San Fernando dams are located in 
southern California, roughly 30 kilometres north of downtown 
Los Angeles. The dams were built as part of the Los Angeles 
Aqueduct system with construction beginning in 19 12 for the 
lower dam and 1921 for the upper dam. Both dams were built 
using variations of the hydraulic fill method. This method 
produced a central clayey core with highly stratified shells 
consisting of sand, silty sand, sandy silt, and clay. Although 
there were slight differences in placement technique and 
borrow source for the two dams, the character of the hydraulic 
fill in both dams was apparently very similar (Seed et al., 
1973). 
The Lower San Fernando dam was about 44 metres in height, 
founded on up to 11 metres of alluvium, and with original 
slopes of 2.5:l. A rolled fill berm with a 4.5:1 slope was 
added to the downstream face in 1940. The upper dam was 
constructed on about I5 to 18 metres of alluvium overlying 
bedrock. The dam was approximately 21 metres high 
although it was not constructed to its full-intended height. 
Instead, a 5.5-metre-high rolled fill section was placed on the 
upstream portion of the hydraulic fill, leaving a 30.5-metre- 
wide bench on the downstream slope. This gave the dam a 
wide profile for its height. The slopes of the dam are 2.5:1. 
Representative cross-sections are shown in Figs. 1 and 2. 
San Fernando Earthquake and Observed Response 
The San Fernando earthquake of February 9, 197 l occurred on 
a thrust fault with a magnitude, M,, of 6.6. Although the 
epicentral distance was about 11 km, the dams were located 
near the extreme western edge of the observed surface 
faulting. Peak ground accelerations at the site were estimated 
to be about 0.6g. 
The response of the lower dam was dominated by a substantial 
slide of the upstream face and crest. The 11 metres of 
freeboard prior to the earthquake were reduced to a fragile 1.5 
metres. Extensive field investigation prompted the conclusion 
that liquefaction of the upstream shell near its base was 
responsible for the slide (Seed et al., 1973). The slide mass 
extended 45 to 60 metres into the reservoir. Large blocks of 
intact fill were transported by the liquefied soil. An evaluation 
of the crest seismoscope record indicates the slide began about 
20 to 30 seconds after the end of earthquake shaking (Seed et 
al., 1988). Seed also mentioned the slide may have moved 
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rather gradually, requiring about 40 seconds for displacement 
with an average velocity of about 1.5 m/s. 
In contrast, the crest and downstream berm of the upper dam 
moved 1.5 to 2 metres downstream, with the crest dropping up 
to 1 metre. Several longitudinal cracks ran the length of the 
upstream face near the reservoir level. A 0.6metre-high 
pressure ridge was also observed at the downstream toe of the 
upper dam. Tension cracks and evidence of compression 
failure were seen in the outlet conduit at the base of the 
embankment. Liquefaction was suggested by sand boils 
below the toe and increased water levels in the three standpipe 
piezometers. Water overflowed from two of the piezometers. 
COMPARISON OF THE DAMS 
The reason for the difference in response must originate in 
some variation of the structure, material properties, or loading. 
Three likely explanations present themselves: 
1, The earthquake loading was substantially different. 
2. Material properties or zoning were dissimilar. 
3. The substantial difference in geometry. 
In addition, the response may have been more similar than the 
deformations indicated. The stability of the upper dam may 
have been marginal but sufficient to prevent large 
deformations, while the lower dam stability eventually 
degraded into a progressive failure. 
The shaking experienced by both dams is believed similar due 
to their close proximity. However, there may have been some 
1 Rolled fill 
2 Hydraulic fill sand 
Lower alluvium 
Bedrock 
Fig. 1. Representative cross-section of Upper San Fernando 
dunt (after Seed et al. 1973). 
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2 Hydraulic fill sand 
3 Clay core 
4 Ground shale 
5 Rolled fill berm 
- Upper and Lower alluvium 
Bedrock 
Fig. 2. Representative cross-section of Lower San Fernando 
dam fafier Seed et al. 19731. 
variation due to near field effects. Surface rupture may have 
extended into the reservoir of the lower dam, putting the two 
dams on opposite sides of the fault. 
(NI) 60 Characterization 
While the character and stratigraphy of hydraulic fill from the 
two dams has been noted to be similar, a difference in relative 
density could easily account for the difference in response. 
SPT blowcount is a common index for classifying the relative 
density of liquefiable soils. Estimating values of (N1)60 for 
these dams was a difficult task (Seed et al., 1988; Harder et 
al., 1989). In addition to the common corrections, both Seed 
and Harder made adjustments for consolidation during and 
after the earthquake. Seed also extrapolated values from the 
downstream shell of the lower dam to the upstream shell by 
correcting for lower effective stresses during consolidation. A 
correction of 2 blows/ft was then added to correct for fines 
content. The amount of fines was quite variable, but 25% was 
assumed representative of the critical soil. 
The characterizations developed by Harder and Seed were 
further modified for this paper. First, correction for post- 
earthquake consolidation of the upper dam was reduced from 
4.5 to 2 blows/ft. Second, values of Nli3.cs were also 
developed to represent the looser fraction within each zone. 
Nli3-cs is the value of (Ni)60-cs where 113 of observations are 
lower and Z/3 are higher. These modifications resulted in the 
blowcount characterization of Table 1. 
The looser hydraulic fill zones were found to be critical areas 
of liquefaction in the lower dam (elevations 1000-1023 and 
1039-1056 in Table 1). Median (N,)~,J.~~ suggests the 
corresponding material was generally denser in the upper dam 
(approximately elevation 1145-l 170), which could explain its 
improved response. However, the Nmecs values are 
comparable, particularly in the bottom zone. 
The use of something like Nli3.cs to characterize liquefiable 
Table 1. (N,),,.,, characterization of hydraulic fill. 
Elevation (ft) 
Median (N1)~omcs N 113-m 
u/s D/S u/s D/S 
Upper San Fernando dam ’ 
1170- 1195 12 
1157- 1170 18 
1145- 1157 18 
12 10 10 
18 14 14 
18 11 11 
Lower San Fernando dam 2 
1057 - 1074 17 
1039 - 1056 13 
1024- 1038 23 
1000 - 1023 13 
18 14 15 
14 11 12 
24 19 20 
14 11 12 
’ Based on 1971 investigation. 
* Averaee of values from 1971 and 1985 investieations. 
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soils can be supported by analysis. Popescu performed a 
series of effective stress analyses that incorporated statistical 
variation in penetration resistance (Popescu et al., 1998). 
Analyses were also performed using uniform properties within 
each zone. After comparing these results, Popescu concluded 
that the analyses based on average penetration resistance 
underpredicted the triggering response of liquefiable sands. 
Pockets of loose zones within the soil may initiate 
liquefaction. Using a blowcount that reflects the looser 
fraction is also supported by post-liquefaction deformation 
mechanisms. Although significant strains may occur within 
both loose and dense materials, the critical shear surface will 
tend to follow the weaker zones. 
If NI,j-cs is a reasonable method of characterizing the expected 
liquefaction response, then there is not a clearly significant 
difference between the critical hydraulic fill of the two dams. 
Effect of Geometry 
The most striking difference between the two dams is their 
respective geometry. The upper dam is shorter (21 metres 
versus 44 metres) and has a much squatter profile. This may 
have affected many items, including the following: 
1. Structural amplification of earthquake motion, 
2. Ko effect on triggering at base of upstream shell. 
3. Magnitude of static shear stress in upstream shell. 
4. Relative size of dilatant zone along upstream face. 
Analyses suggest that substantial liquefaction was likely 
within the upstream shell of the upper dam (Seed et al., 1973; 
Inel et al., 1993; Moriwaki et al., 1998; Beaty and Byrne, 
2000). Therefore, items 1 and 2 do not appear critical. Item 3 
may be significant. If the strength within the liquefied zones 
of the upstream shells dropped to some S, following the 
earthquake, and not an SJo,,‘, then the larger driving stresses 
within the lower dam could explain its reduced stability. 
Item 4 refers to the dilatant zone in the lower dam postulated 
by Seed (Seed et al., 1988). Seed suggested this zone at the 
upstream toe had sufficient strength following the earthquake 
to temporarily buttress and stabilize the upstream shell. There 
are a number of reasons for considering such a zone existed. 
Training dikes were used to construct the hydraulic till, and 
these dikes may have been rolled and relatively dense. The 
outer surfaces of the upstream face are at relatively low 
effective stresses. This would have enhanced their tendency 
to dilate and may have reduced their potential for liquefaction. 
The outer edges of the hydraulic fill generally contain the 
coarsest material with the lowest percentage of fines. There 
also appears to have been little liquefaction near the upstream 
face. Since the upper dam was substantially shorter, the size 
of this dilatant zone may have had a more significant 
stabilizing effect at the upper dam than the lower dam. 
Based on this brief comparison of the two dams, it appears 
their most striking differences relate to the magnitude of shear 
and normal stresses as well as the possible effect of an 
upstream dilatant zone. 
POST-LIQUEFACTION RESPONSE 
Post-liquefaction behaviour is controlled by the tendency of a 
saturated soil to contract or dilate when sheared. The resulting 
volumetric changes induce pore pressures that result in 
changes to effective stress. Post-liquefaction stress reversals 
can cause the effective stresses to drop to zero and result in a 
dramatic softening of the soil. Strain-hardening follows as the 
soil dilates. Drainage conditions greatly affect this interaction 
between contraction or dilation and stiffness. While the actual 
processes of post-liquefaction behaviour are complex, it is 
possible to classify typical behaviour in a simpler way. 
Liquefaction and Limited Liquefaction 
This type of behaviour, as illustrated in Fig. 3, is usually seen 
in monotonic element tests. Liquefaction is characterized by a 
distinctive strain-softening response with drop in strength. 
The soil then behaves in a steady state manner with no further 
increase in strength. Limited liquefaction is similar, although 
the strain-softening response is followed by strength recovery 
through dilation. The minimum strength is termed a quasi- 
steady state strength and is often proportional to the vertical 
effective stress (Vaid and Sivathayalan, 1999; Byrne and 
Beaty, 1999). Many simple shear tests that exhibit strain 
softening seem to show a limited liquefaction response. 
Exceptions might include very loose materials or soils at high 
effective stresses. Anisotropy is also apparent in laboratory 
tests, with samples loading in compression having higher 
strengths than samples loaded in simple shear or extension. 
Cyclic Mobilitv or Cyclic Liquefaction 
Cyclic mobility considers the response of soil to repeated post- 
liquefaction stress reversals. The accumulation of strain with 
each cycle of loading is illustrated in Fig. 4. Effective stresses 
tend to vanish at stress reversals causing an initially low 
stiffness. The loading phase is entirely a dilative response and 
tends to exhibit large strength for cleaner sands. This type of 
behaviour is currently a focus of much research (Dobry and 
Abdoun, 1988; Elgamal and Yang, 2000) and may account for 
many instances of lateral spreading. 
Partially Undrained, Water Filming. and Mixing 
Laboratory tests that demonstrate liquefaction or cyclic 
mobility are typically performed undrained. Partial drainage 
can drastically alter the behaviour of a soil element. A 
relatively small inflow of water can cause the residual strength 
to drop or even vanish (Vaid and Sivathayalan, 1999). Vaid 
concludes the change in behaviour does not result from a 
loosening of the sand since the corresponding volumetric 
strains are low. Rather, it occurs from the interplay between 
the rate of contraction or dilation and the rate of water inflow. 
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Atigh has demonstrated the importance of this behaviour 
through effective stress analysis (Atigh and Byrne, 2000). 
Similar behaviour has been observed from biaxial tests, where 
monotonic loading is applied in one direction and cyclic 
loading in an orthogonal direction (Meneses et al., 1998). 
Partial drainage can affect soil response either during or after 
earthquake shaking. 
A related occurrence is the development of water films 
beneath low permeability layers. The importance of this 
behaviour has been effectively demonstrated by Kokusho 
using a shaking table (Kokusho, 2000). The formation of 
water films is a particular concern for stratified sites. 
Another effect not captured in typical undrained tests is the 
occurrence of mixing. Very large strains and localized 
shearing may blend different soils together. For the San 
Fernando dams, silty material will become mixed with cleaner 
sands. The resulting soil will be more broadly graded than the 
original soils, although its void ratio will reflect the density of 
the pre-mixed components. Since well-graded soils tend to 
have lower void ratios than uniform soils, mixing will create a 
soil with a tendency to compact and strain soften if sheared 
undrained. In essence, mixing can greatly decrease the 
residual strength of a layered soil (Byrne and Beaty, 1997). 
Although mixing of soils requires large strains, it may be a 
factor in progressive instability. 
Any of these effects can occur during or after the earthquake 
and may lead to a large reduction in available strength. The 
precise influence of these factors in most case histories is 
difficult to determine with any degree of confidence. For the 
time being, it may be best to continue the usual practice of 
estimating the minimum residual strength S, that was available 
I 
Shear Strain, y 
Fig. 3. Illustration of monotonic liquefaction behaviour. 
Shear Strain, y 
during and after the earthquake. It is prudent to remember that 
each case history is unique, and factors such as fines content, 
stratigraphy and stress level may have a great influence on the 
S, estimate. To this end, it may be useful to identify structures 
that have endured significant liquefaction yet did not suffer 
large deformations. This may lead to better guidelines for 
discerning sites where strength degradation is likely. 
Liouefaction Response at Lower San Fernando Dam 
The most telling aspect of the lower dam’s response is that it 
did not fail during the earthquake. A limited survey of the 
downstream shell (Seed et al., 1988) as well as recent analyses 
(Beaty and Byrne, 2000) suggest the crest and downstream 
shell may have displaced about 0.3 metres in a downstream 
direction at the end of the earthquake. Since the upstream 
slide began perhaps 20 seconds after the earthquake ended, the 
initial strength and strains associated with liquefaction were 
not sufficient to immediately induce the observed failure. 
A summary of undrained shear tests from selected hydraulic 
till zones of the lower dam was presented by Seed (Seed et al., 
1988). The resulting shear strengths were corrected for the 
effects of sample disturbance and earthquake consolidation to 
give the expected undrained strength at the time of the 
earthquake. If these strengths are interpreted as quasi-steady 
state values, the average &/(J,~’ for silt samples (fines content 
> 43%) was 0.12 and for sand samples (fines content < 22%) 
was 0.21. The strength ratios associated with Nli3.cs would be 
somewhat lower. However, analyses using anisotropic 
strengths with an Su/o.vO’ of about 0.13 in simple shear suggest 
that such strengths are sufficient to maintain stability during 
the earthquake (Beaty and Byrne, 2000). 
Some loss of strength occurred after the earthquake shaking. 
This may have been due to pore pressure redistribution, water 
filming, pore pressure rise in the dilatant toe, or some 
combination of these processes. Seed presented equilibrium 
analyses (Seed et al., 1988) that show the available S, at the 
end of the earthquake may have been as high as 38 kPa (800 
psf). This assumes drained strengths in the dilatant zone, so 
the actual S, may have been less. For comparison, the average 
S, from the laboratory tests mentioned above is roughly 42 
kPa (870 psf) for the silt and 66 kPa (1370 psf) for the sand. 
The available S, apparently dropped to about 14 to 24 kPa 
(300 to 500 psf) by the end of sliding (Seed et al., 1988). 
Seed’s suggestion that the slide deformed over 40 seconds 
implies a relatively gradual drop in strength. 
Liquefaction Response at Upper San Fernando Dam 
Two questions come to mind when considering the upper dam: 
1. Did displacements continue after the earthquake? 
2. What strength was required to keep the upstream 
shell from sliding? 
Fig. 4. Stress-strain diagram illustrating cyclic mobility of 
element with a static shear bias. 
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If the displacements of the upper dam took place during the 
earthquake then they were likely the result of both strain 
softening and cyclic mobility. Both dams would have 
experienced a large velocity fling normal to the crest due to 
their proximity and orientation to the fault. This large pulse 
may have induced loading similar to a monotonic test. Later 
earthquake pulses may have increased displacements through 
cyclic mobility. This type of behaviour can reasonably 
capture the observed displacements as shown by finite 
difference analysis (Beaty and Byrne, 2000). A comparison of 
-50 -25 0 25 50 75 100 
Horizontal Distance from Crest Centerline (m) 
-Horizontal Observed +Horizontal Predicted 
Vertical Observed -Vertical Predicted 
Fig. 5. Estimates of surface displacement for upper dam 
usingfinite difference approach. 
0 200 400 600 800 
0 , I I I I 
0 200 400 600 800 
Post-Earthquake Residual Strength, Sr (pst) 
o Strength degradation 
-A- Strength degradation; Liq. restricted beneath D/S slope 
-El- No strength loss 
x No strength loss; Liq. restricted beneath D/S slope 
Fig. 6. Displacement vs. post-earthquake S,. for upper dam. 
observed and predicted surface displacements assuming an 
NI,3-cs characterization is given in Fig. 5. An Su/crVO’ in simple 
shear of 0.12 to 0.23 was used for the hydraulic fill. 
An additional set of finite difference analyses was performed 
to evaluate the effect of a post-earthquake drop in residual 
strength. The intent was to represent partial drainage or water 
filming in some simple manner. The response of the dam to 
the earthquake was estimated using a total stress dynamic 
approach (Beaty and Byrne, 2000). A blowcount distribution 
nearly identical to the NI,3.cs characterization was used. 
Liquefaction was not permitted near the upstream face. The 
effect of liquefaction beneath the downstream slope was also 
investigated. Two assumptions were made for post- 
liquefaction strength during the earthquake: either no strength 
loss or an &/(s,~ of 0.13 to 0.20. After the shaking had 
stopped, a post-earthquake residual strength was assigned to 
all liquefied zones. Non-liquefied zones were given strengths 
reflecting the drained strength. The residual strength of 
liquefied elements was gradually reduced while maintaining 
dynamic equilibrium within the model. The strength was 
reduced only when the peak velocity of all nodes was below a 
nominal value of 0.02 m/s (0.05 ft/s). 
These analyses produce approximate estimates of 
displacement versus post-earthquake residual strength as 
shown in Fig. 6. These results are limited, and depend greatly 
on the predicted extent of liquefaction and the strength 
characteristics of the non-liquefied material and dilatant zone. 
The upstream shell is generally seen to be more stable than the 
downstream shell. These analyses suggest that a post- 
earthquake strength of at least 17 to 24 kPa (350 to 500 psf) is 
required to maintain consistency with the observed 
displacement on the downstream berm. 
The displacement pattern from one of the post-earthquake 
analyses (no strength degradation during earthquake, 
liquefaction allowed beneath the downstream slope) is shown 
in Fig. 7 for a post-earthquake S, of 22.5 kPa (470 psf). These 
displacements are in reasonable agreement with field 
observations, and indicate that post-earthquake strength loss 
could have been a factor in the observed deformations. 
Limit equilibrium analyses were also performed. The 
minimum required strength to maintain post-earthquake 
stability of the upstream shell was found to be 14 to 24 kPa 
(280 to 500 psf). The lower value assumes drained strength 
parameters in the non-liquefied and dilatant zones, while the 
higher value assumes only half the drained strength. This 
range is nearly identical to the minimum S, values estimated 
for the lower dam. The minimum required strength for sliding 
of the downstream shell and crest was 19 to 31 kPa (400 to 
650 psf), again indicating the upstream shell was more stable. 
CONCLUSIONS 
I. It appears appropriate to characterize liquefiable soils 
using a measure of the looser fraction rather than a 
mean or median representation. 
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Estimated displacements of upper dam for post- 
earthquake S, = 47OpsjI 
The key materials of the two dams are similar and 
have comparable values of NI,j.cs. 
The difference in driving stress in the upstream shell 
appears to be a major factor leading to the difference 
in response of the two dams. 
Previous analyses of the Lower San Fernando dam 
indicate a minimum strength was achieved after the 
flow slide of approximately 14 to 24 kPa (300 to 500 
psf). Local strength values may have been less. 
Analyses of the upper dam corroborate the minimum 
strength range derived from the lower dam. Such 
strengths are necessary to limit displacements and 
ensure stability of the upstream shell. 
Average strength values less than 14 kPa may have 
occurred during sliding of the lower dam. The 
response of the upper dam suggests that average 
strengths less than 14 kPa would only have been 
momentary in the absence of a slide. 
Partial drainage, water filming, and mixing are 
complex mechanisms that can greatly reduce the 
residual strength. Strength estimates derived from 
case histories that include such behaviour may not fit 
a strength ratio (S,/o,,‘) framework as would be 
suggested by undrained laboratory tests. It appears 
more appropriate to develop S, values from back- 
analysis as proposed by Seed and Harder. 
Evaluations of stability based entirely upon 
undrained laboratory tests may be unconservative, 
particularly for highly stratified sites. 
Better guidelines are needed for identifying sites 
susceptible to further post-liquefaction strength loss. 
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